This paper concerns the statistical distribution of the crest heights associated with surface waves in intermediate water depths. The results of a new laboratory study are presented in which data generated in different experimental facilities are used to establish departures from commonly applied statistical distributions. Specifically, the effects of varying sea-state steepness, effective water depth and directional spread are investigated. Following an extensive validation of the experimental data, including direct comparisons to available field data, it is shown that the nonlinear amplification of crest heights above second-order theory observed in steep deep water sea states is equally appropriate to intermediate water depths. These nonlinear amplifications increase with the sea-state steepness and reduce with the directional spread. While the latter effect is undoubtedly important, the present data confirm that significant amplifications above second order (5-10%) are observed for realistic directional spreads. This is consistent with available field data. With further increases in the sea-state steepness, the dissipative effects of wave breaking act to reduce these nonlinear amplifications. While the competing mechanisms of nonlinear amplification and wave breaking are relevant to a full range of water depths, the relative importance of wave breaking increases as the effective water depth reduces.
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Introduction
The statistical distribution of crest heights in severe storms is key to the characterization of the surface wave conditions in both coastal and offshore locations, and represents a critical input for the design of all marine structures. Specifically, representative crest heights are used in the estimation of the water particle kinematics, in the calculation of fluid loads and in the setting of deck elevations to avoid the occurrence of both wave-in-deck loading and large-scale waveovertopping. If a sea state with a given return period (typically 1 in 100 or 1 in 10 000 years) is specified in terms of a significant wave height, H s , a spectral shape, S ηη , a spectral peak period, T p , and a directional spread, σ θ , the challenge lies in predicting the individual crest heights that will arise, particularly the largest crests. For example, a 3-h sea state with a mean zero-crossing period of T z = 10 s contains approximately 1000 waves. If the largest wave in that sea state is sought, the crest height with a probability of exceedance of Q = 10 −3 must be defined.
Interestingly, the nature of wave loading on many offshore structures is such that a relatively small change in the extreme crest elevations can result in a significant change in the applied loads, particularly if this initiates wave-in-deck loading. Given the importance of these effects several studies have addressed the short-term crest height distributions. However, the majority of this work has been undertaken in deep water. This is despite the fact that the statistical representation of water waves becomes progressively more complicated as the water depth reduces. The reason for this is twofold. First, stronger nonlinear interactions lead to higher crests and shallower troughs [1] . As a result, the water surface elevation deviates significantly from a Gaussian model [2] . Second, the process of wave breaking becomes more important, driven by both wave steepness and water depth limitations. This, in turn, causes additional departures from the predictions of potential flow theory. Evidence of the importance of crest heights in intermediate depths was provided by hurricanes Rita and Katrina in the Gulf of Mexico. These were both category five hurricanes which together destroyed 113 offshore platforms, 87 of which were located in water depths of less than 60 m [3] . This paper addresses this challenge, providing a laboratory investigation of crest height statistics in intermediate water depths. Several realistic sea states based upon a representative spectral shape (JONSWAP) are addressed. These cover a broad range of sea-state steepness, effective water depth and directional spreading; the primary purpose being to establish the success of existing crest height models and to explore the competing influences of nonlinear amplifications and wave breaking.
Background
If a sea state is assumed linear and narrow-banded, it describes a Gaussian random process and its crest heights, η c , are defined by the Rayleigh distribution [4] such that:
where Q is the exceedance probability, α = 1/8 and β = 2. However, since real sea states are not linear (or narrow-banded), equation (2.1) is well known to underestimate the largest crests. A correction to capture effects arising at a second order of wave steepness for uni-directional and narrow-banded frequency spectra was derived by Tayfun [5] ; a modification to incorporate effects of finite spectral bandwidth being proposed in Fedele & Tayfun [6] . Alternatively, Forristall [7] proposed an empirical fit to a large number of second-order random wave [8] simulations of realistic ocean spectra. The functional form of this model is given by equation (2.1); the scale and shape parameters (α, β) expressed in terms of the mean sea-state steepness, S 1 , and Ursell number, Ur. These are defined by where the spectral mean period, T 1 = m 0 /m 1 , is expressed in terms of the spectral moments (m n = f n S ηη df ) and k 1 is the wavenumber corresponding to T 1 based upon the linear dispersion relation. A full description of (α, β), for both uni-directional and directionally spread seas, is provided in [7] . Given the simplicity of this model, it is widely applied in engineering practice and commonly referred to as a second-order distribution.
In seeking an improved description of the nonlinearity, Longuet-Higgins [9] showed that the probability density of the free water surface can be described using the Gram-Charlier series expansion; strictly, the modified expansion of Edgeworth [10] . Extending this approach to the distribution of crest heights, the present study applies the third-order model presented by Tayfun & Fedele [11] . This model, hereafter referred to as the Tayfun-Fedele model, defines the probability of exceedance as The surface cumulants (λ mn ) are defined by
and
where represents the expectation operator and σ η the standard deviation of the surface elevation. Importantly, the measured time-history of surface elevation (η) and its Hilbert transform (η) are required as inputs. Since this is information that is not always available, the model outlined in equations (2.3)-(2.7) cannot be applied in a predictive manner without approximations for μ and Λ. Nevertheless, useful insights arise when comparing its predictions to the measured data (see below). Alternatively [12] provides an approximation for the skewness coefficient (μ) which can be used to relate the Tayfun-Fedele and Forristall models
where α and β are the scale and shape parameters of the Forristall distribution and Γ is the gamma function. In the comparisons that follow, the Tayfun-Fedele model is based on equations (2.3)-(2.7) as described in [11] . Considering experimental data in deep water, several studies [13] [14] [15] have demonstrated nonlinear amplifications beyond second-order theory for uni-directional or long-crested sea states. Similar studies concerning short-crested sea states [16] [17] [18] have also presented crest height statistics larger than second order; the amplifications reducing with increases in the directional spread. However, the rate of this reduction remains contentious; [19] concluding that it occurs very rapidly and others, most notably [18] , that it remains statistically significant for engineering design.
The accumulated evidence from field data recorded in deep water also suggest that there are important amplifications beyond second order [20] [21] [22] [23] [24] . In drawing these conclusions, it is important that the data records are long, the sampling rate high (f s > 2 Hz) and the measurements not based upon wave-buoys; relevant work having shown that if these conditions are not met, the crest height statistics could be underestimated [25] [26] [27] . Numerical models have also been employed to study crest height statistics in deep water. These are typically based upon nonlinear Schrödinger type models [19, 28] and higher-order spectral models (HOSM) [29] [30] [31] [32] . In examining these results similar conclusions arise regarding the importance of higher-order nonlinear interactions and their dependence on directionality. Importantly, Xiao et al. [32] emphasized that particular attention should be given to the resolution of these models and the appropriate truncation of the input spectra to include sufficiently high frequencies. Having addressed these points significant amplifications above second order are identified in directionally spread seas. By contrast, other work focusing on the occurrence of rogue waves has indicated that third-order effects are not as significant [23, 33, 34] . However, in respect of [23] , a subset of the data have been reanalysed [24] and crest heights above second order have been clearly identified.
In intermediate water depths, Janssen & Onorato [35] argue that below the limit of k p d = 1.36 the extent of any spectral movements in uni-directional seas will be small. As a consequence, only weak deviations from Gaussian statistics are observed. These conclusions were supported by Toffoli et al. [36] who used a HOSM to simulate random wave fields correct to a third order of wave steepness. Similar results have been obtained in numerical and experimental investigations of random sea states with large directional spreading [37] . By contrast, field data from Lake George, Australia included in the same study indicate notable amplifications beyond the second-order crest height statistics in the steepest sea states. Additionally, experimental and numerical studies [38, 39] of idealized wave groups have shown that instabilities can develop due to oblique perturbations; the theoretical basis having been provided by Hayes [40] . These latter results are important, not least because the analysis of field data from intermediate water depths has confirmed the existence of both unexepectedly large wave crests [41, 42] and crest height distributions departing from second-order theory [43, 44] . Key questions for the present paper are the extent to which such effects can be observed in long random wave simulations under strictly controlled laboratory conditions, how they vary with the effective water depth, and what is their dependence on directional spreading?
Experimental set-up
The difficulty of generating long random wave simulations that accurately reproduce the desired sea-state characteristics (H s , T p and σ θ ) should not be underestimated. This is particularly important when generating crest height statistics that are representative of those arising in the field, over a broad range of intermediate water depths. To achieve this goal, this section will explain how data from three very different directional wave basins have been employed. This allows the broadest range of test conditions to be investigated. Moreover, by over-lapping test cases undertaken in different wave basins, it will be shown that the data are facility-independent. This is a very important part of the data assurance. In each case, rigorous checks were made to ensure the match to the target sea-state parameters, the repeatability of the generated data and their spatial uniformity. Careful checks were also made to identify any spurious low-frequency wave modes which can become problematic in intermediate water depths. In addition, very long random wave testing was undertaken to reduce the statistical uncertainty associated with small exceedance probabilities. Finally, in a small number of selected sea states, direct comparisons are made between the generated laboratory data and available field data. Comparisons of this type have not previously been undertaken and confirm that the generated data are representative of that arising in the field. To dissipate the generated wave energy, a perforated parabolic beach is installed opposite the wavemakers. When used in conjunction with the active paddle absorption, based upon forcefeedback, previous work [46] has shown that the maximum reflection coefficient was less than 5% and that there is no long-term build-up of reflected wave energy. By contrast, the QUB basin has plan dimensions of 18 m × 16 m with 24 individually controlled piston-type wave paddles, each 0.5 m wide, located along the shorter side. With a vertical front face, piston wavemakers can operate in varying water depth; the present tests undertaken with d = 0.6, 0.5 and 0.4 m. To control reflections, the three remaining sides of the QUB basin included absorbing gravel beaches. On the opposite side to the wavemakers this beach was augmented with folded rolls of three-dimensional geotextile matting to provide more effective dissipation of the high-frequency components. The wave paddles were again operated with active forcefeedback. When used in conjunction with the gravel beaches, the maximum reflection coefficient was 7% and usually substantially less.
Although the QUB basin incorporates a complex bathymetry of varying (mild) bed slopes, all of the data presented herein were recorded over the horizontal bed extending in front of the wavemakers; the water depths in this region being as described above. While the ICL and QUB basins have different paddle types, the generation and active absorption of waves in both facilities is based on the same principles of force control. It is, therefore, instructive to introduce comparable data recorded in a third facility located at the Danish Hydraulics Institute and hereafter called the DHI basin. This facility has a working area of 22 m × 25 m, a water depth of d = 0.50 m, and is equipped with 36 position-controlled piston wavemakers positioned along its shorter dimension. The remaining three sides have gravel beaches similar to those described above.
(b) Wave gauges
The time-histories of the water surface elevations, η(t), at a large number of fixed spatial locations were recorded using resistance-type wave gauges. In both the ICL and QUB basins, each wave gauge comprised of two steel wires of diameter 1.5 mm, spaced 10 mm apart. The wave gauges were calibrated daily to maintain an accuracy of ± 0.5 mm; their sampling rate being f s = 128 Hz. This is sufficiently high to ensure that η(t) was recorded accurately, with no post-processing required. Importantly, there was no loss of accuracy in the measurement of the steepest sea states. More specifically, earlier work [47] has compared the readings of the wave gauges employed in this study with high speed video imaging and demonstrated that the former can accurately record the surface elevation of very steep, spilling and over-turning waves.
In the ICL basin η(t) was sampled at 32 fixed spatial locations. These included a 5 × 5 array of gauges with the central gauge positioned at the centre of the wave basin. The spacing between adjacent gauges was x = y = 150 mm, where x defines the mean wave direction perpendicular to the wave paddles. The remaining wave gauges were positioned with variable spacing along the centreline of the wave basin; the first gauge located 2.3 m from the front face of the paddles and the last gauge 5.9 m downstream. With the minimum distance between the gauges and the wave paddles larger than 3d, no evanescent modes will be present. In the QUB basin 64 wave gauges were positioned along the length of the facility with arrays of 11 gauges positioned at approximately 2.5 m intervals. However, only data recorded at the first gauge array over the horizontal bed at the deeper end of the wave basin will be presented herein. Data recorded on the sloping beds will be presented in a subsequent paper. Schematics showing the layout of the wave gauges in both the ICL and QUB wave basins are provided in the associated electronic supplementary material.
(c) Test conditions
To ensure the laboratory data were representative of realistic sea states the spectral density function, S ηη , was described by a JONSWAP spectrum [48] such that:
where ω is the circular wave frequency (ω = 2π/T), ω p corresponds to the peak wave period (T p ), β = 1.25 and σ = 0.07 for ω ≤ ω p and σ = 0.09 for ω > ω p . To simulate sea states with finite frequency bandwidth, the peak enhancement factor (γ ) was set to 2.5 for all the test cases. The Phillips parameter (α) was adjusted in each test case so that the target significant wave height
S ηη (ω) dω would be obtained for a given T p . To incorporate the effects of directionality, the uni-directional spectrum, defined above, was multiplied by a wrapped normal directional spreading function (DSF). This allows frequency components to propagate in different directions, leading to a sea state with individual crests of finite length. The functional form of the DSF is given by
where θ is the angle of propagation, measured relative to the x-axis, σ θ is the standard deviation of the frequency independent directional spreading and A is a normalizing factor such that Table 1 summarizes the input conditions for the test-cases in the ICL wave basin. With an adopted scaling based on Froude number similarity, a length scale of l s = 1 : 100 gives a corresponding time scale of t s = 1 : 10. Based upon these values, the conditions outlined in table 1 are representative of a broad range of design conditions for many intermediate depth locations world-wide. In the QUB wave basin, a subset of these cases was simulated with varying water depths. These are noted with an asterisk; the additional cases extending the k p d values such that they lie within the range 0.9 < k p d < 1.8. With the sea states generated in the DHI basin based on an entirely different matrix of parameters, their characteristics will be described as required; additional information regarding the test conditions in the QUB and DHI wave basins is given in the associated electronic supplementary material.
The rationale for selecting the present experimental cases was to isolate the effects of sea-state steepness, directionality and effective water depth; identifying the influence of each individually. Table 1 . Definition of the core laboratory test cases undertaken in the ICL wave basin; the cases with asterisks representing those repeated in the QUB wave basin with d = 0.4 m, 0.5 m and 0.6 m. (table 1) , 5-7 seastate steepnesses were studied; the latter defined as S p = 2π H s /gT 2 p . With a steepness increment of S p = 0.01, the range of sea states varies from near-linear (S p = 0.01), to nonlinear (S p ≥ 0.03), to highly nonlinear or extreme (S p ≥ 0.05); the latter exhibiting a high level of wave breaking.
Having defined the target sea states, 20 random simulations or seeds were generated for each case. The duration of each simulation was 1024 s, corresponding to approximately 3 h in field scale. Based on this simulation time, the target spectrum used as input to the wavemakers had a resolution of f = 1/1024 Hz; the generated frequency components lying in the range 0.4 Hz < f < 2.5 Hz. As a result, each random simulation consists of 2145 individual wave components; the amplitudes defined by the target JONSWAP spectrum. Each individual wave component was also assigned an initial phase (ψ) chosen randomly from a uniform distribution lying in the range [0, 2π ]. In directionally spread seas, each individual wave component was also assigned a direction of propagation; the directions being randomly selected within the range −45
with a weighting based upon the target DSF. This method, commonly referred to as the random directional method (RDM), ensures that each frequency component is generated in a single direction and therefore yields an ergodic sea state. Further discussion of this approach is given in [49] . In adopting this method, the amplitudes of the individual wave components were obtained from equation (3.1) and not further randomized. Earlier work [50] has shown that provided the number of frequency components is large, the differences in the crest heights observed in tests involving deterministic and random amplitudes is small. This has also been confirmed by independent tests undertaken in the present study; example results included in the associated electronic supplementary material. An important aspect of the experimental method adopted herein concerns the initial phases and directions of propagation for sea states of different steepness. For test cases with the same T p and σ θ , a set of randomly selected phases and directions were assigned to each seed and kept constant irrespective of the amplitude of the components and hence the sea-state steepness. This approach results in a collection of 20 completely random simulations for each sea state. However, with all input parameters (apart from amplitudes) being unchanged, comparisons between test cases with the same T p and σ θ but different sea-state steepness become deterministic. This avoids the uncertainty that would have been introduced by using uncorrelated sets of phases and directions. the data were recorded at the central wave gauge (unless otherwise noted) and the crest heights arising at each random seed were normalized by their respective H s . Within figure 2a, the crest height distributions arising in each individual seed are noted in grey; the data added to illustrate the expected variability between simulations. However, since each seed represents an individual sample of a single distribution, or sea state, the data can be merged and re-ordered to define crest heights with very low probabilities of exceedance (Q < 10 −4 ). With a sea-state steepness of S p = 0.01, the nonlinear amplifications arising at second order are small and those arising at third order and above negligible. This is confirmed on figure 2a: the Forristall model lying only slightly above the linear (Rayleigh) model, and the data shown to be in good agreement with the former. Figure 2b concerns the normalized crest height distributions arising at different spatial locations along the centreline of the ICL wave basin. The small variability between data from different gauges suggests that there is no build-up of reflected wave energy and the wave field is spatially homogeneous. Again, the data have been obtained from all 20 3-h seeds for a weakly nonlinear sea state (C2-10) with S p = 0.02, k p d = 1.02 and σ θ = 10
• . Figure 2c presents the amplitude spectrum derived from a single seed recorded in case C3-10 (S p = 0.03, k p d = 1.02, σ θ = 10
• ). Additionally, the spectrum arising from a numerical simulation using second-order random wave theory based upon exactly the same inputs has been superimposed. The target JONSWAP spectrum and the input frequency range are also shown. In considering these results, it can be seen that despite the truncation limits applied to the laboratory wave generation, the high-frequency tail of the spectrum develops naturally in the wave basin. By contrast, the tail of the second-order spectrum ( f > 2.5 Hz) is notably lower. This simply reflects the magnitude of the second-order bound harmonics based upon the linear input spectrum which was truncated at 2.5 Hz. In considering the low-frequency part of the spectra ( f < 0.4 Hz) close agreement is observed. In this part of the spectrum, no freely propagating wave energy is generated, either experimentally or numerically. Therefore, the energy contained within this frequency band predominantly represents the frequency-difference terms. As such, these data, together with similar data recorded across the full range of test cases, suggest that there are no observable spurious long wave harmonics introduced by the wavemaker motion. This represents an important challenge when generating long random wave simulations, not least because of the increase in the magnitude of bound harmonics as the water depth reduces. To explore this further, the total spectral energy in the low-frequency band (0 < f < 0.4 Hz) was calculated for each of the twenty seeds and compared to the equivalent second-order numerical simulations. The results arising in the five C-10 cases (table 1) are presented in figure 2d. Good agreement is observed for all cases; the minor deviations in the steepest sea state (C5-10) being due to the occurrence of wave breaking and the (questionable) validity of second-order theory. While all spurious waves are unwanted, the presence of low-frequency spurious harmonics leads to significant spatial variability. In this sense, the data presented on figure 2b confirms the success of wave generation. It is also important to note that when examining the higher end of the spectrum, the presence of both free and bound harmonics ensures that similar results can only be obtained by applying some form of spectral decomposition, involving a phase inversion [51] [52] [53] .
With a key goal of the present study being an investigation of the effects of directional spreading, the accurate generation of short-crested sea states is essential. Figure 3 addresses the two-directional spreads adopted herein (σ θ = 10
• and 20
• ) and compares the measured DSF with the target. In making these comparisons, the target DSF was defined by equation (3.2) and the measured DSF from an EMEP analysis [54] of data recorded in case C1 (table 1) . More specifically, the measured time-histories of surface elevation, η(t), from 10 gauges were used to form two heave-pitch-roll gauges [55] ; the data used to define the cross-spectra and the RMS spreading of each frequency component. In all cases, the latter was found to be within ±1
• of the target in the frequency range: 0.5f p ≤ f ≤ 2.5f p ; the limits being driven by the spacing between adjacent wave gauges. Another important aspect of the validation procedure concerns the independence of the data from either the characteristics of the experimental facility or the method of wave generation. are compared, while in figure 4d data from the DHI basin have also been superimposed. In all four cases, the agreement between the datasets is very good; the small deviations in the tail of the distribution being related to both the inherent statistical variability and the effects of wave breaking. Taken together, these comparisons cover a wide range of sea-state steepnesses, effective water depths and directional spreads and provide evidence that in all cases considered the data are facility-independent. Figure 5 extends the validation procedure to incorporate field data. To this end, high-quality surface elevation measurements from wave radars mounted on offshore platforms in the southern and central North Sea are used. These measurements have been recorded at relatively high sampling rates (4 Hz ≤ F s ≤ 5.12 Hz) and quality controlled following the strict methodology outlined by Christou & Ewans [56] . In total, the resulting field database consists of approximately 900 000 20-min sea states covering a wide range of incident wave conditions and water depths [57] . To facilitate comparisons with the experimental data, a nearest-neighbour algorithm was employed to find similar sea states from the field and experimental databases. This search was performed in the non-dimensional parameter space defined by (H s /d, k p d) and was accompanied by constraints in the variability of other met-ocean parameters (such as mean sea-state steepness (S 1 ) and Ursell number). To further ensure that the resulting data partitions are homogeneous, the maximum variability in H s and T p was restricted to ±0.5 m and ±0.5 s, respectively.
Having selected the corresponding sea states from the two datasets (laboratory and field), the short-term distributions of wave heights and crest heights were derived, normalized by their respective H s and plotted on the same axes. Figure 5 provides four representative comparisons. In each case, the predictions of the Forristall [7] crest height model and the Rayleigh crest and wave height models have been superimposed for reference. Taken together, these four cases suggest that the experimental data are in good agreement with field measurements. Most importantly, agreement is observed in both the crest and wave height statistics. This would not have been the case if significant spurious harmonics were generated in the laboratory wave basins. In such cases, agreement could have been observed in either the crest heights or the wave heights, but not both. Nevertheless, it is important to acknowledge that not all of the physical processes arising in the field are explicitly modelled in the laboratory. For example, the effects of wind or currents have not been incorporated in the present experimental investigation, but are inevitably included in the field records. The fact that, in these cases, their influence appears relatively small is itself interesting. Unfortunately, the available field data did not include simultaneous current measurements and only a small proportion of the available datasets include simultaneous wind measurements. As a result, a rigorous analysis of the windwave or the wave-current interactions is not possible. Nevertheless, the data presented on figure 
Experimental results
The primary purpose of this section is to explore the measured crest height distributions, particularly departures from the established second-order [7] solution. These will arise due to the competing influence of higher-order nonlinear amplifications and the dissipative effects of wave breaking; the challenge being to identify their dependence on sea-state steepness, effective water depth and directionality. In addressing these points, it should be noted that the higherorder nonlinear amplifications refer to all effects arising above second order. These include both the bound nonlinear interactions and the near-resonant or dynamic interactions involving freely propagating wave modes. To begin, figures 6-8 provide examples of the core data recorded in a very broad range of sea states. All of these data relate to directionally spread seas with σ θ = 10
• ;
the three figures addressing effective water depths of k p d = 1.53, 1.22, and 1.02, respectively. All of the data were recorded at a single wave gauge. In the ICL wave basin, this gauge was positioned 4.1 m downstream of the wave paddles, while in the QUB wave basin it was 3.7 m downstream. In each case, multiple plots are provided addressing sea-state steepnesses ranging from nearlinear (S p = 0.01) to highly nonlinear (S p ≥ 0.05). In producing these plots, the analysis of the measured wave records, η(t), is limited to the identification of individual crest heights based upon a standard zero up-crossing analysis, followed by the re-ordering of the data to produce a ranked-order plot. For each sea state considered, the data are based upon the equivalent of 20 3-h simulations, including more that 15 000 individual waves, with comparisons provided to the linear (Rayleigh), the second-order (Forristall) and the higher-order (Tayfun-Fedele) models. Taken together, the data included on figures 6-8 incorporate more than 3.3 × 10 5 wave events; the data recorded at a single point within sea states that are spatially homogeneous and ergodic ( §3).
In the near-linear sea states (S p = 0.01 on figures 6a, 7a and 8a) the difference between the linear and second-order predictions is small and the measured data shown to be in very good agreement with the latter. Indeed, the only departures arise in the extreme tail of the distributions, where the statistical uncertainty is a maximum. However, with an increase in the sea-state steepness (S p = 0.02, 0.03 and 0.04) on panels (b), (c) and (d), the measured data describe crest heights that increasingly lie above the second-order distribution. These increases first arise in the tail of the distribution, but progressively extend into the higher exceedance probabilities (Q > 10 −3 ) with increases in S p . The statistical significance of these results is established by comparisons to the 90% confidence intervals superimposed on each figure. These were estimated based upon 1000 copies of the data generated using the bootstrap method. Given that the validity of any conclusions drawn is critically dependent upon these confidence intervals, the method outlined by [11] was also applied and the confidence intervals shown to be very similar to those outlined above.
Comparisons between the measured data and the Tayfun 02 (figure 8b ). This clearly overlaps with the regions in which the increased crest elevations are statistically significant and suggests that the amplifications are due to nonlinear effects arising at third order and above. Interestingly, while it is clear that the nonlinear amplifications increase with sea-state steepness, the first convincing evidence of this arises in the shallowest effective water depth (S p = 0.02 for k p d = 1.02 on figure 8b). Moreover, it is also this effective water depth in which the measured data first show departures from the Tayfun-Fedele model (S p = 0.03 on figure 8c ). This change arises as a reduction in the height of the largest crests such that the measured data first fall back towards the second-order model (S p = 0.04 on figure 8d) and, with further increases in the sea-state steepness, reduce back to the linear (Rayleigh) distribution (S p = 0.05 on figure 8e ).
This second change is due to the dissipative effects of wave breaking, both spilling and overturning. Related effects are also observed in the deeper effective water depths (k p d = 1.22 on figure 7 and k p d = 1.53 on figure 6 ). However, with increases in k p d the level of wave breaking for a given sea-state steepness reduces. As a result, the dissipative effects of wave breaking do not become apparent until the sea-state steepness has increased; the equivalent results being observed for S p = 0.06 in k p d = 1.22 ( figure 7f ) and S p = 0.07 in k p d = 1.53 (figure 6g). In considering these results, the poor performance of the Tayfun-Fedele model in sea states with extensive wave breaking is not unexpected since the model has not been formulated to incorporate these effects.
Taken together, the data recorded in figures 6-8 confirm that the crest height distribution can be markedly different from second-order predictions in directionally spread seas (σ θ = 10
• ) covering a broad range of intermediate water depths (1.02 ≤ k p d ≤ 1.53). These changes are closely aligned with these observed in deeper water [18] ; the extent of any change being due to the competing influence of nonlinear amplifications above second order and the dissipative effects of wave breaking. However, with a reduction in the effective water depth (k p d) the extent of the nonlinear amplifications appears to be at least as large and wave breaking becomes more significant. While the latter is expected and can be explained by the increasing importance of depth-limited wave breaking, in addition to local steepness effects, the former is at odds with some earlier numerical calculations noted in §2; notably [35, 36] . As a result, the role of sea-state steepness, effective water depth and directionality requires careful consideration.
(a) Sea-state steepness
To further consider the variation with sea-state steepness, figure 9 concerns the exceedance probability of the normalized crest heights η c /η F 2D , where η F 2D are the predictions of the Forristall uni-directional model. Figure 9a -d provide data corresponding to k p d = 1.53, 1.22, 1.02 and 0.81, with three steepnesses addressed in each case. In addition to the laboratory data, the predictions of the Forristall directional model, η F 3D , have been added using exactly the same normalization. Interestingly, in the larger effective water depths the role of directionality at second order is limited; figure 9a ,b, irrespective of sea-state steepness (0.02 ≤ S p ≤ 0.06). However, with reductions in the effective water depth, these changes become larger (> 5% for k p d = 0.81 on figure 9d), despite a significant reduction in the sea-state steepness (0.023 ≤ S p ≤ 0.027). Taken as a whole, the laboratory data presented on figure 9 identify significant increases in the crest elevations above the predictions of second-order theory for directionally spread seas covering a broad range of intermediate water depths. At an exceedance probability of Q = 10 −3 , the recorded amplifications range from 5 to 10% and are shown to increase in steeper sea states, provided there is limited evidence of wave breaking. However, in the steepest sea states, the dissipative effects of wave breaking act to significantly reduce the largest crest heights. This is clearly noted on figure 9a-c, with η c /η F 2D < 1.0, but less obvious in figure 9d due to the reduced steepness. In considering these results, two important points arise.
First, it becomes unclear whether the amplifications above second order are entirely due to nonlinear interactions arising at third order and above. In sea states with little or no wave breaking this will undoubtedly be the case; the agreement with the third-order GramCharlier model [11] (figures 6-8) being supportive of this view. However, with the occurrence of substantial wave breaking, the H s of the sea state will reduce relative to what it would have been had no wave breaking occurred. This effect is compounded by the fact that the largest waves will be disproportionally affected. Nevertheless, there will remain a large number of less steep waves which have not been subject to the dissipative effects of wave breaking. Since these waves will be normalized by a reduced H s , they will 'appear' to be amplified beyond a typical Forristall distribution. In effect, the steeper sea states will consist of two families (or populations) of wave events; those that have undergone the dissipative effects of wave breaking and those that have not. In a wider sense this (perhaps) supports the use of composite models such as the BattjesGroenendijk wave height model [58] ; the latter model incorporating two Weibull distributions to describe the two distinct (non-breaking and breaking) wave populations. In the present context, this suggests that the competing influence of nonlinear amplifications and the dissipative effects of wave breaking may not be entirely independent; the latter leading to amplifications elsewhere in the commonly defined crest height (η c /H s ) distributions. Second, while the data presented in each panel of figure 9 are entirely consistent, comparisons across the panels are not. The explanation for this lies in the commonly adopted definition of seastate steepness S p , with similar arguments applying to S 1 . With the chosen steepness defined in the time domain, it does not adequately represent conditions in space; specifically, the increases (table 1) , the contours interpolated from data at these points, and η F 3D the directional Forristall distribution. This provides a compact form of data presentation from which several important points can be drawn:
(i) For Q = 5 × 10 −2 (figure 10a) amplifications above the commonly adopted Forristall distribution are widespread; the magnitude increasing with sea-state steepness ((1/2)H s k p ) and approximately constant across the range of effective water depths (1.0 < k p d < 1.5). The extent to which the largest amplification is due to nonlinear effects arising at third order and above or the secondary effects of wave breaking is unclear; subsequent figures showing the increasing importance of wave breaking. (ii) With a reduction in the exceedance probability, Q = 1 × 10 −2 on figure 10b, the maximum amplification arises at reduced sea-state steepnesses ((1/2)H s k p ≈ 0.15). At higher steepnesses, the dissipative effects of wave breaking are clearly noted. These occur across the full range of effective water depths. (iii) With further reductions in Q ( figure 10c,d ) the sea-state steepness associated with the maximum amplification progressively reduces as the effects of wave breaking are more clearly defined; the latter becoming more significant with reduced effective water depths. 
(b) Effective water depth
The data presented in figure 10 concern directionally spread seas (σ θ = 10 • ) based upon realistic JONSWAP spectra. The fact that η c /η F 3D > 1 across a broad range of effective water depths is at odds with some of the numerical calculations, discussed in §2. Further evidence of the importance of the effective water depth is given in figure 11 . This provides four examples in which direct comparisons are made between normalized crest heights η c /η F 3D , the order of the plots based upon increasing sea-state steepness ((1/2)H s k p ). In each case, two sea states are addressed in which the sea-state steepness is held constant, but the effective water depth (k p d) is markedly different. In each case, the shallower effective water depth exhibits larger nonlinear amplifications. For practical exceedance probabilities lying in the range 10 −2 > Q > 10 −3 , amplifications of the order of 5-10% are commonly observed. The only exception to this occurs in the steepest sea state ((1/2)H s k p = 0.182 on figure 11d ) for which the dissipative effects of wave breaking are dominant. In this example, both sea states exhibit reducing amplifications for Q < 10 −1 , suggesting that wave breaking is widespread and not simply arising at the tail of the distribution. However, it is also clear that the shallowest effective water depth is more significantly influenced by the effects of wave breaking.
(c) Directional spread
Thus far all of the data documented within this section relate to a directional spread of σ θ = 10
• . and numerical data suggest that in deep water the crest height distributions can be profoundly influenced by the underlying directional spread [16, 18, 31, 51] . While there is a clear consensus that the nonlinear amplifications above second order observed in steep uni-directional sea states undergo noteworthy reductions as the directional spreading increases, the rate of this reduction remains contentious. Specifically, many narrow-banded calculations [19] and some laboratory observations [16] suggest that with the introduction of even a small directional spread, the crest heights rapidly reduce to second-order predictions. Such arguments are consistent with early observations of deterministic focused wave groups [51] . By contrast, other researchers [18] have shown that while amplifications beyond second order undoubtedly reduce, they remain relevant for realistic directional spreads. This latter view is consistent with field observations [21, 24] , including those presented in figure 5 . The purpose of the present section is to explore the role of directionality in intermediate water depths. This is achieved by comparing the crest height distributions arising in sea states with the same steepness and effective water depth, but a different directional spread. For example, figure 12a,b concern an effective water depth of k p d = 1.53, with sea-state steepness of (A) S p = 0.03 and (B) S p = 0.06. Likewise, figure 12c,d concern k p d = 1.02 with steepnesses of S p = 0.03 and S p = 0.04. In each case, direct comparisons are made between sea states with a directional spread of σ θ = 10
• and σ θ = 20
• ; the data being normalized by the Rayleigh distribution to provide exceedance plots of η c /η R . In addition, the second-order Forristall models, both η F 2D and η F 3D are also presented using a similar normalization. The data presented on figure 12a-d identify the importance of directional spreading. Key points are discussed as follows:
(i) In moderately steep sea states with limited breaking, S p = 0.03 in figure 12a ,c, the nonlinear crest heights reduce with an increase in the directional spreading. However, the difference between the two cases (σ θ = 10
• and σ θ = 20 • ) is relatively small.
(ii) With an increase in sea-state steepness, figure 12b,d, the crest elevations arising at larger exceedance probabilities (Q > 10 −2 ) exhibit a similar trend. However, with a reduction in Q, the dissipative effects of wave breaking become progressively more important, but are most apparent in sea states with a smaller directional spread. As a result, for Q < 10 −2 the largest crest elevations arise in the most directionally spread seas.
The explanation for these effects lies in the fact that with an increase in the directionality of a sea state, the steepness of the individual waves or the gradient of the water surface, dη/dx, will reduce. This is a linear effect with important practical implications; the individual wave steepness determining the extent of any nonlinear amplification, both at second order and above, and the onset of wave breaking. In figure 12a ,c increased directionality leads to reduced wave steepness, smaller nonlinear amplifications and therefore lower crest heights. By contrast, for smaller exceedance probabilities in steeper sea states ( figure 12b,d) , increased directional spreading reduces the individual wave steepness ensuring that fewer waves break, or break less vigorously. As a result, the dissipative effects of wave breaking are reduced and the largest crest heights arise in sea states with a larger directional spread. Figure 12e ,f extend this investigation into shallower water depths (k p d = 0.81) using data recorded in the DHI basin. In these cases, three directional spreads are addressed corresponding to σ θ = 10
• , 20
• and 30
• , but sea-state steepness is reduced, S p = 0.023 and S p = 0.025.
Nevertheless, the measured data exhibit the same trends both in respect of the nonlinear amplifications and the extent of wave breaking. Indeed, given the reduced sea-state steepness, the effects of directionality become increasingly clear as the effective water depth reduces. This also appears to be the case at second order; the relative size of η 
Concluding remarks
The present study has considered the crest height distributions arising in realistic, directionally spread, sea states in intermediate water depths. The results of a new experimental study have been presented, with data generated in two complimentary facilities. This addresses a broad range of effective water depths which is further extended using data from a third facility. A thorough validation of the recorded data has been undertaken, including comparisons between data generated in different facilities and, perhaps most importantly, direct comparisons between laboratory observations and field data. When taken as a whole, the recorded data identify systematic departures from the commonly applied second-order model [7] . These are dependent upon the sea-state steepness, the effective water depth and the directional spread and have been shown to be due to the competing influences of nonlinear amplifications above second order and the dissipative effects of wave breaking. While the former is well modelled by the Gram-Charlier type models [11] , the latter is not.
In considering the variation with effective water depth, the nonlinear amplifications are dependant upon the sea-state steepness, but approximately uniform over a broad range of intermediate depths, 1.5 > k p d > 0.8; typical amplifications being of the order of 5-10% above the second-order model [7] . By contrast, the dissipative effects of wave breaking are also widely applicable, becoming more important as k p d reduces. From a practical perspective, these changes are very significant, not least because they are observed in realistic seas with directional spreads lying in the range 10
• < σ θ < 20
• . The challenge for future work is to derive a simple to use crest height model that incorporates these effects, is based upon the commonly recorded metocean parameters (H s , T p , σ θ ) and which is appropriate to wide-ranging scientific and engineering applications.
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